Understanding long-term changes in precipitation and temperature patterns is important in the detection and characterization of climate change, as is understanding the implications of climate change when performing impact assessments. This study uses a statistically robust methodology to quantify long-, medium-and short-term changes for evaluating the degree to which climate change and urbanization have caused temporal changes in precipitation and temperature in South Korea. We sought to identify a fingerprint of changes in precipitation and temperature based on statistically significant differences at multiple-timescales. This study evaluates historical weather data during a 40-year period and from 54 weather stations. Our results demonstrate that between 1993-2012, minimum and maximum temperature trends in the vicinity of urban and agricultural areas are significantly different from the two previous decades (1973)(1974)(1975)(1976)(1977)(1978)(1979)(1980)(1981)(1982)(1983)(1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992). The results for precipitation amounts show significant differences in urban areas. These results indicate that the climate in urbanized areas has been affected by both the heat island effect and global warming-caused climate change. The increase in the number of rainfall events in agricultural areas is highly significant, although the temporal trends for precipitation amounts showed no significant differences. Overall, the impacts of climate change and urbanization in South Korea have not been continuous over time and have been expressed locally and regionally in terms of precipitation and temperature changes.
Introduction
Recent decades have seen a rising awareness of climate change, largely the result of improved understanding of long-term changes in climatic processes at different temporal and spatial scales [1, 2] . Many studies on shifts in extreme climate events have been conducted over the past decade and most of them showed changes in extreme precipitation and temperature variability in different global regions, with the warm temperature indices witnessing significant upward trends [3] [4] [5] . Global warming has been neither spatially nor seasonally homogeneous worldwide [6] . Therefore, it is of interesting to
Materials and Methods

Study Area
The study area is the Korean Peninsula. It is located in East Asia, between China and Japan (35 • 50 N, 127 • 00 W) and is surrounded by the Yellow Sea on the west, the Korea Strait on the south and the East Sea on the east. Land use in the study area is mainly forest (66.8%) and agricultural (21.5%), with large urban areas (3.4%) in the northwest and southeast regions. Agricultural areas are located mostly in the mid-and southwest regions and are dominated by paddy and upland farming, as shown in Figure 1 . Because of its complex mountain terrain, the Korean Peninsula's climate experiences complex spatial and temporal variability. Climatologically, the annual maximum precipitation in Korea is typically recorded during the summer rainy season from late June to July, which is strongly controlled by the East Asian summer monsoon system. The high intensity of precipitation is primarily due to torrential rain events and typhoons. Another factor that affects the precipitation intensity is the strong influence of the Pacific subtropical high pressure between mid-August and mid-September, which lasts for approximately 3 or 4 weeks and is known as the fall rainy season. Except in the dry region of South Korea, which has less than 1000 mm of precipitation, many parts of South Korea receive between 1200 mm and 1400 mm of precipitation, which is slightly above the worldwide average. The annual mean precipitation in South Korea is approximately 1300 mm. The range of seasonal average temperature is from 6.6 • C (winter) to 16.6 • C (summer). According to the observations of the Korea Meteorological Administration (KMA), the annual average temperature is 10-15 • C. The maximum temperature occurs in July and August, when the average temperature ranges from 24-27 • C and the minimum temperature ranges from −6 to 3 • C in January.
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Meteorological Data
For this research, station-based daily meteorological data were secured from the KMA. Since the early 1960s, the number of observation stations operated by the KMA has steadily increased to a current total of 76 and the quality of meteorological data has become more reliable. Two criteria were used to select observation stations for use in this study: (1) a station must have had been keeping 
For this research, station-based daily meteorological data were secured from the KMA. Since the early 1960s, the number of observation stations operated by the KMA has steadily increased to a current Atmosphere 2018, 9, 273 4 of 16 total of 76 and the quality of meteorological data has become more reliable. Two criteria were used to select observation stations for use in this study: (1) a station must have had been keeping records for more than 40 years; and (2) a station was excluded if more than 10% of its data was incomplete for any month of record. All data were then reviewed for missing values and errors. Following this review, the final database of selected meteorological stations included 54 stations and their climate data from 1973 to 2012. Three variables were included in each station's data set: precipitation, minimum temperature and maximum temperature. The precipitation data included the number of precipitation events and precipitation totals.
Statistical Analysis of Climate
Statistical analyses were conducted to identify areas where the mean and variance of any of the meteorological data differed significantly over time, in other words, those areas that were affected by urbanization and climate change. Methods of analysis involved (1) reviewing spatio-temporal variations of meteorological elements over consecutive periods of time; (2) seeking significant changes in meteorological variables between periods of time; and (3) identifying possible explanations for the changes in temperature and precipitation, to include increases that may have resulted from climate change and urbanization. The 4-decade historical record was divided into three time period groupings: group I-20 years (relatively long-term); group II-10 years (middle-term); and group III-5 years (relatively short-term). Group I was then further divided into two 20-year periods. Group II was divided into four 10-year periods. And finally, group III was divided into eight periods of five years each. Because significant climate changes have occurred throughout the time series review, such analysis was necessary to identify statistically-significant differences between two or more periods within a given group.
Statistical analyses were performed using two approaches: (1) statistically significant differences between the meteorological elements were assessed for each time period within each of the three groups; and (2) specific temporal periods and spatial areas were identified, in which the mean and variance of the meteorological elements were significantly different in each group [30] . The statistical analyses to compare differences between periods within each group were performed using the variance F-test statistic (ANOVA F-test statistic) [31] . The ANOVA F-test is appropriate for comparing means and variances of a continuous variable in two or more comparison groups (between and within groups) [32] . The first step in the ANOVA F-test is to evaluate the assumption of homogeneity of variance, where the null hypothesis assumes no difference between each of the group members' variances. The Levene's test for equality of variances takes advantage of the fact that classical ANOVA procedures for comparing means assume a normal distribution and are robust to violations of the assumption of homogeneity of variance [33] .
The ANOVA F-test was applied to look for statistically significant differences in precipitation and temperature among different periods in each time group. The probability value (p-value) was assessed using the F distribution table (α = 0.01 and α = 0.05) [31] . In statistics, Duncan's Multiple Range Test is a post hoc test to measure specific differences between pairs of means. [34] . When significant differences occurred, Duncan's Multiple Range Tests were performed for each period in groups II and III, which were then compared to the latest recorded periods of group II (2003-2012) and group III (2008-2012).
Each map area was evaluated by comparing the latest periods of record (2003-2012 in group II and 2008-2012 in group III) to the prior periods. The interpolation method used was inverse distance weighting (IDW) with a grid cell size of 500 m × 500 m, using a minimum of three neighbor points and a maximum of four neighbor points and a distance powered to five. The IDW, which is a commonly preferred method for interpolation of precipitation [35] . With this method, the value at each interpolated location is estimated as a linear combination of surrounding observations, with the weights being inversely proportional to the distance between the observations and the interpolated location [36] . In this study, the selection of the interpolation parameters was made after utilizing a trial and error iterative method to replicate a sample of manually drawn isolines. Figure 2 shows the spatial distribution of p-values for each annual meteorological element, according to the group represented. Areas with significant differences in maximum temperature in groups I and II were identified in the northwest (urban), central (agricultural) and southeast (urban) regions. The areas where significant differences in maximum temperature existed were widely distributed in a central-southeast direction for all groups. An analysis of annual minimum temperature showed significant differences in temporal trends for all groups in the vicinity of the urban areas in the northwest, southeast and southwest regions. Spatially, significant differences in minimum temperature were identified in all regions except the central regions in group III. Significant differences in precipitation amounts were found for small areas in the northwest region (urban area corresponding to Seoul) in groups I and II and significant differences in the number of rainfall events were identified for small areas in the central and southwest regions (agricultural areas) in groups II and III. Figure 3 shows the spatial distribution of p-values for each annual meteorological element in comparison to the most recent 10-year period (2003-2012). The results for maximum temperature show that highly-significant differences occurred in the central and southeast regions for the first decade (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) and in the southeast region for the second decade (1983-1992). There were no significant differences for the third decade (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) .
Results and Discussion
Analysis of Annual Climate Changes
Timing and Location of Annual Climate Changes
The maps of minimum temperature show that urban areas in the northwest, southwest and The results showed that between 1993 and 2012, annual temperatures in urban areas were significantly different compared with the previous 20 years (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) . For groups II and III, the results were mostly similar to those obtained for group I. However, changes in precipitation amounts were identified only in highly urbanized areas corresponding to Seoul and its surroundings. The results show that urbanization might also affect precipitation downwind of the urban areas. It is well established that (1) precipitation anomalies exist within and around cities; (2) that precipitation tends to increase downwind from urban heat islands [37] ; and (3) that increases in aerosol concentrations, caused by industrialization, affect long-term variations in precipitation [22] . Further, the heat island effect is not limited to the urban areas, so it can influence large areas [38, 39] . Our results indicate that the identified changes in precipitation are likely the result of the urban heat island effect overlapping with global warming in South Korea during the rapid period of urbanization-industrialization [40] . Figure 3 shows the spatial distribution of p-values for each annual meteorological element in comparison to the most recent 10-year period (2003-2012). The results for maximum temperature show that highly-significant differences occurred in the central and southeast regions for the first decade (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) and in the southeast region for the second decade (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) . There were no significant differences for the third decade (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) .
The maps of minimum temperature show that urban areas in the northwest, southwest and southeast regions had highly-significant differences in minimum temperature during the first and second decades. The minimum temperature change affected a larger area and showed greater significant differences than the maximum temperature change. Statistically-significant changes in minimum temperature continued in the central regions until the third decade.
Maps of precipitation amounts show that areas in the northern regions, associated with the rapid development of Seoul, had highly-significant differences in precipitation amounts during the first decade. However, there were no significant differences identified during the second and third decades. Rainfall event maps indicate that only parts of the northern and southeast regions had significant differences in the number of rainfall events during the third decade, in comparison with the most recent period. Figure 4 shows the significant differences in maximum temperature for the southeast regions during the first (1973) (1974) (1975) (1976) (1977) and third (1983-1987) 5-year periods compared with the latest period (2008-2012). Maps of minimum temperature indicate significant changes in parts of the northwest and southwest regions during the first, second and third 5-year periods. Highly-significant differences in minimum temperature were identified for the third 5-year period (1983) (1984) (1985) (1986) (1987) in the southeast region and the fifth 5-year period (1993) (1994) (1995) (1996) (1997) in the central and south regions. Overall, minimum temperatures have been constantly increasing at a rate of 0.06 • C per decade during the past 35 years. Compared to these results, global temperatures have increased by 0.2 • C every decade over the last 30 years, beginning in the late 1970s [23] . Areas where significant differences in precipitation amounts occurred during the first and second 5-year periods were identified in the northwest region (an urban area corresponding to Seoul). One of these results is that significant differences in minimum temperature during the fourth 5-year period (1988) (1989) (1990) (1991) (1992) were identified in comparison with the third 5-year period (1983) (1984) (1985) (1986) (1987) ) and significant differences in precipitation during the third 5-year period (1983) (1984) (1985) (1986) (1987) were identified in comparison with the second 5-year period (1978) (1979) (1980) (1981) (1982) . It is well known that South Korean temperatures increased in 1988-1989 and that precipitation totals increased in the late 1970s. Table 1 shows a comparison of temporal changes in minimum and maximum temperatures and precipitation between urban and agricultural regions. With respect to the urban regions, changes in the temperatures increased during the latest decade (2003-2012) from 0.7 to 0.94 • C (4.1 to 5.3%) and from 1.08 to 1.54 • C (13.6 to 18.0%) compared to the first decade (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) . Changes in precipitation amounts in these regions during the latest decade (2003-2012) increased from 17.0 to 44.5% compared with the first decade. Specifically, precipitation amounts in Seoul increased by 24.8% (1983-1992) , 27.4% (1993-2002) and 44.5% (2003-2012) compared with the first decade (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) . In contrast, changes to the maximum and minimum temperatures in the agricultural regions shows increases of only 0.42 to 0.71 • C (2.2 to 3.9%) and 0.29 to 0.73 • C (4.5 to 9.7%) respectively. Changes in the precipitation amounts in these regions ranged from 8.5 to 11.7% (Table 1) . Table 2 summarizes the population change for three urban areas and three agriculture areas between 1966 and 2015. Population data of each urban area for the period of 1966-2015 were used for estimating the degree of urbanization. The population increase was biggest in Seoul, 6.8 million from 1966 to 1990. making it a mega city of 10 million. The smallest increase was found in almost agriculture areas. Jeongeup (Agriculture area) showed population decrease during this period, while Daejeon (Urban area) was the biggest in population change.
The results show that there were highly-significant differences between the changes in temperature (especially the minimum temperature) and precipitation amounts in urban and agricultural areas, which indicate that urbanization significantly contributed to temperature and precipitation increases, as evidenced by the link between temperature increases and the growth of urban areas. Several studies on climate change over South Korea have identified urbanization as having an effect on the rising temperature due to global warming, which further reinforces our findings [39, 40] . decade. However, there were no significant differences identified during the second and third decades. Rainfall event maps indicate that only parts of the northern and southeast regions had significant differences in the number of rainfall events during the third decade, in comparison with the most recent period. period (1978) (1979) (1980) (1981) (1982) . It is well known that South Korean temperatures increased in 1988-1989 and that precipitation totals increased in the late 1970s. Table 1 shows a comparison of temporal changes in minimum and maximum temperatures and precipitation between urban and agricultural regions. With respect to the urban regions, changes in the temperatures increased during the latest decade (2003-2012) from 0.7 to 0.94 °C (4.1 to 5.3%) and from 1.08 to 1.54 °C (13.6 to 18.0%) compared to the first decade (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) . Changes in precipitation amounts in these regions during the latest decade (2003-2012) increased from 17.0 to 44.5% compared with the first decade. Specifically, precipitation amounts in Seoul increased by 24.8% (1983-1992), 27.4% (1993-2002) and 44.5% (2003-2012) compared with the first decade (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) . In contrast, changes to the maximum and minimum temperatures in the agricultural regions shows increases of only 0.42 to 0.71 °C (2.2 to 3.9%) and 0.29 to 0.73 °C (4.5 to 9.7%) respectively. Changes in the precipitation amounts in these regions ranged from 8.5 to 11.7% (Table 1) . Table 2 summarizes the population change for three urban areas and three agriculture areas between 1966 and 2015. Population data of each urban area for the period of 1966-2015 were used for estimating the degree of urbanization. The population increase was biggest in Seoul, 6.8 million from 1966 to 1990. making it a mega city of 10 million. The smallest increase was found in almost agriculture areas. Jeongeup (Agriculture area) showed population decrease during this period, while Daejeon (Urban area) was the biggest in population change. We identified different changes in temporal trends for each meteorological element affected by urbanization and climate change over the past four decades. The maximum temperature changes were observed to be significantly different during 1973-1982 and 1983-1992 as compared with the latest period (2003-2012), while there was no change from 1993-2002 to the latest period. The average increase of the maximum temperature in the region where significant differences were observed during the first and second decades was 0.8 • C (27 stations where significant differences occurred) and 0.6 • C (21 stations), respectively, compared to the latest period. While minimum temperature changes decreased over time, they were also continuously significant until the third decade. The average increases in the minimum temperature in regions where significant differences occurred were 1.1 • C during the first decade (37 stations), 0.9 • C during the second decade (29 stations) and 0.7 • C during the third decade (19 stations). Precipitation amounts were significantly different only during the first decade and no change was observed during the second and third decades. The average increase in precipitation amounts during the first decade in the regions where significant differences were noted was 340 mm (15 stations). The average increase in the number of rainfall events during the third decade was 13 days (17 stations).
Given these results, this research shows that climate change on the South Korean Peninsula has not been continuous since the 1970s. According to the data on maximum temperatures and precipitation, there has been relatively little climate change over the past two decades, while the number of precipitation events was different only in the third decade of the study period. By contrast, when examining minimum temperatures, climate change did occur continuously during the period of this study. 
Analysis of Monthly Climate Changes
p-values were calculated for the monthly statistics based on the group represented. These values were significantly different for each period. The spatial distributions of p-values for the monthly meteorological elements are not shown. The p-value results for group I indicate that significant differences in maximum temperature occurred in February, March and September. The minimum temperature results indicate that parts of the northwest and southeast regions exhibited significant differences in temporal trends in May, June and September, primarily around urban areas. Significant differences in the precipitation amounts in May occurred in small areas in the southeast region. However, highly-significant changes in the number of rainfall events were identified in part of the southwest region in February and August, primarily in the vicinity of agricultural areas.
For groups II and III, temporal trend analysis generally showed similar seasonal and regional results to those of group I. Significant differences in maximum temperature were observed in part of the northeast region and part of the southeast region during February (group II) and March (group III). Group II and III changes in minimum temperature indicated highly-significant differences in parts of the northwest and southeast regions near urban areas during May, June and September. Additionally, group II and III agricultural areas in some parts of the central and southwest regions showed significant differences in minimum temperature during May, June and September. Significant differences in precipitation amounts were observed only in the northwest and central regions during July in group II. Significant differences in the number of group II and III rainfall events were observed primarily in agricultural areas in parts of the southern region during September.
We observed that the temporal trends for monthly maximum or minimum temperatures in all groups had significant differences in February-March, May-June and September, which are transition months between seasons (spring and fall). However, the results for the monthly precipitation amounts did not indicate any significant changes in the temporal trends, except in May in group I and in July in group II. The results for the number of monthly precipitation events indicated highly-significant differences (increases) in the temporal trends for agricultural areas in August and September, although the temporal trends for the precipitation amounts showed no significant differences. A higher number of precipitation events with the same total amount of rainfall per month indicates a decrease in the intensity of the rainfall events in the region. This can be favorable to agriculture in that it reduces the length of dry periods, which decreases water stress for the crops. Table 3 shows the results of Duncan's Multiple Range Tests, focusing on monthly meteorological elements, that were significantly different for 10-year periods compared with the latest period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . All of the regions in the study showed highly-significant differences in maximum temperature during the first decade (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) , with the exception of small areas in the southwest and central regions from February to May and small areas in the central and southeast regions from September to November. The average increase in the maximum temperatures for all the meteorological stations in the regions showing significant differences during the first and second decades were 1.9 • C and 2.1 • C in February, 1.3 • C and 1.0 • C in May and 0.9 • C and 1.1 • C in September, respectively, compared with the most recent period. Units: percentage (%) of meteorological stations of significant at the 0.05 probability level.
Timing and Location of Monthly Climate Changes
Atmosphere 2018, 9, 273 12 of 16 The minimum temperature shifts indicated that in parts of the northwest and southeast regions (urban areas) and the central and southwest regions (agricultural areas) there were highly-significant differences in May, June and September during the first decade, as compared to the most recent decade. Significant differences in the minimum temperature were observed across the entire country in September. Additionally, significant differences in the minimum temperature were detected for the northwest and southeast regions in May during the second decade (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) and the central and south regions in September during the third decade (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) . The average increases in the minimum temperature for meteorological stations that had significant differences during the first, second and third decades were 1.4 • C, 1.0 • C and 1.0 • C in May; 1.1 • C, 1.0 • C and 0.9 • C in June; and 2.1 • C, 1.4 • C and 1.7 • C in September, respectively, compared with the latest period.
Significant differences in precipitation totals and rainfall events were only observed for the third decade. Significant differences in precipitation amounts were observed in parts of the southern regions during January and in the central region during July and October. During January, parts of the northwest region showed statistically-significant changes in the number of rainfall events, whereas, for the central and south regions, changes were observed in July and September. The only area with an overlap in significant differences in both precipitation amounts and number of rainfall events was the central region during the month of July. Table 4 shows changes in precipitation and rainfall events in group II compared with the latest period. The average increase in precipitation amounts during the third decade was 137 mm in July. By contrast, precipitation amounts decreased on average 13 mm in January and 29 mm in October. The average increase in the number of rainfall events during the third decade was approximately 4 days in July, while the number of rainfall events decreased on average approximately 2 days in January and October. As relates to the results of Duncan's tests of monthly meteorological elements in the group III periods compared with the latest period (2008-2012), which are shown in Table 5 , significant differences in maximum temperature were identified for the central and southwest regions in May between 1973-1977. Significant differences in the maximum temperature were identified for the southern regions in September between 1978-1992. Minimum temperature fluctuations were observed to be significantly different for parts of the northwest and southwest regions in May during the period between 1973-1997. Changes in minimum temperature were significantly different for the southwest region in June between 1973-1987. The entire country indicated highly-significant differences in changes in the minimum temperature in September during 1978-1982 and 1993-1997. Significant differences in precipitation amounts were identified only for the southern regions in October from 1988 to 1992. Significant differences in the number of rainfall events were identified for the southwest region in September between 1993-1997. - The results further show that significant differences in temperature occurred from May to June and in September from 1973-1992, compared with temperatures in 2008-2012. The results for precipitation indicate significant differences in September-October over the time period 1988-1997. The changes in temporal trends for temperature and precipitation occurred locally in the southern regions in transitional months between seasons (spring and fall), likely because of climate change. Urban areas in the northwest and southeast regions of South Korea witnessed statistically-significant changes in temporal trends for monthly temperatures in May, June and September during the first two decades (1973-1982 and 1983-1992) , primarily due to the heat island effect. However, changes in monthly precipitation were statistically significant only for January, July and October during the third decade (1993-2002) compared with the latest period (2003-2012).
Conclusions
This study reviewed South Korean precipitation and temperature variations related to climate change and urbanization over different time periods. Overall, our findings demonstrate that statistically-significant changes have taken place since the 1970s. Results related to maximum and minimum temperatures show that highly-significant variations have occurred in and around urban and agricultural areas over the past 20 years (1993-2012), as compared with the previous two decades (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) . Our analysis of temperature data also indicated that the climate in urbanized areas has been influenced by the urban heat island effect and affected by climate change related to global warming. As relates to precipitation events, our results indicated significant differences in urban areas, with a highly-significant increase in the number of rainfall events in agricultural areas. Precipitation totals showed no significant differences between 1993-2002 and 2003-2012.
Our findings also identified patterns in temporal trends related to the different meteorological elements. Maximum temperature changes were found to be significantly different between 1973-1992; no change was observed between 1993-2002 and latest period, 2003-2012. Although the intensity of temperature shifts decreased over time, minimum temperature changes were statistically significant until the period of 1993-2002. Also, changes in precipitation totals were statistically significantly during the period from 1973-1982, while the number of precipitation events was significantly different between 1993-2002.
In conclusion, the impacts of climate change in South Korea have not been continuous over time but instead expressed locally and regionally in terms of changes in precipitation and temperature. Construction of a high-resolution, grid-based climatology dataset for South Korea would aid future research related to climate change and urbanization in South Korea and allow for a focus on composite analysis and a more structured comparison and analysis of climate changes occurring in urban, forest and agricultural regions.
